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In fact, halogenation and nitration of the ring is 
observed to occur most readily at the ortho and para 
positions with respect to the C=O group, i.e. at C~ 
and C a. Disubstitution in these positions is possible 
but  it  is very difficult to go beyond this stage. This 
structure analysis may  therefore be said to provide 
direct evidence in one particular case of the existence 
of an effect which has been postulated to explain the 
reactivity of certain substituted aromatic compounds. 
Furthermore, the evidence is tha t  this effect exists 
separately from the chemical reaction itself, and is not 
entirely brought about by the approach of reacting 
groups. 
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A method is described for calculating the total intensity of X-ray reflexions at spacings near 10/~ 
that one would expect from models of a protein consisting mainly of a-helices, not necessarily 
parallel. A comparison with Perutz's observed data for haemoglobin shows that  the observed 
intensity is compatible with such models. The comparison can be made only with moderate 
accuracy. 

I n t r o d u c t i o n  

All recent work (see Crick (1952b) for references) has 
confirmed tha t  the structure of the synthetic poly- 
peptides is based on the a-helix of Pauling, Corey & 
Branson (1951). Very recently, Crick (1952b) has 
pointed out tha t  packing considerations might deform 
an a-helix so tha t  it became a coiled-coil, and 
simultaneously Pauling & Corey (1953) have produced 
a definite model of this type for a-keratin (though 
based on different assumptions). This model explains 
qualitatively th~ main features of the a-keratin pat- 
tern, namely the 1-5 • and 5.15 .~ meridian reflexions, 

and the reflexions of about 10 J~ on and near the equa- 
tor. I t  is thus probable tha t  the fibrous proteins of the 

type are largely based on the ~-he]ix. 
The structure of the globular proteins is less satis- 

factory. Pauling & Corey (1951b) originally suggested 
tha t  the radial distribution function of haemoglobin, 
which they derived in an approximate manner from 
Perutz 's  published data  (Pcrutz, 1949), appeared to 
resemble tha t  expected from the a-helix. This ap- 
proach has been taken considerably further by  Riley 
& Arndt  (1952), who have compared the observed 
radial distribution function for bovine serum albumin 
in the form of a dry powder, with Pauling & Corey's 
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theoretical curve f o r  the a-helix. The result is sug- 
gestive, but  not conclusive, and further work along 
these lines, both experimental and theoretical, is 
awaited with interest. 

Perutz (1951) has observed a 1.5 J~ reflexion from 
haemoglobin, but  it was weaker than tha t  observed 
for the synthetic polypeptide. For other globular 
proteins there is no published information available. 

Perutz 's  early work (Perutz, 1949) on haemoglobin 
suggested tha t  the structure might consist largely of 
rods of high electron density parallel to the a axis 
of the crystal. However, later more quanti tat ive work 
by Bragg, Howells & Perutz (1952) showed tha t  this 
was unlikely as the projection along the a axis gave 
peaks smaller than  one would have expected. At about 
the same time Crick (1952a) showed from a quantita- 
tive examination of Perutz 's  three-dimensional Patter-  
son tha t  it was quite incompatible with any model 
consisting mainly of long s t ra ight  s-helices parallel to 
the a axis. The fact tha t  three-dimensional data  were 
used made the argument more conclusive than tha t  of 
Bragg, Howells & Perutz, which was based on a two- 
dimensional projection only. 

I t  is difficult to a t tack a crystallographic problem 
of the complexity of prote in  structure without some 
simplifying idea. The great structural plausibility of 
the s-helix, its success in predicting the general nature 
of the X-ray diffraction pat tern of all known synthetic 
polypeptides in the a-form, and the recent plausible 
explanation of c~-keratin in terms of curved c~-helices, 
all strongly suggest tha t  it is the key to protein struc- 
ture. I t  cannot therefore be lightly abandoned.. Since 
haemoglobin cannot consist mainly of straight parallel 
a-helices, the next most plausible model to consider 
is one consisting of a-helices packed in a non-parallel 
manner. There are at  least two reasons why this might 
happen. First,  although haemoglobin does not consist 
chemically of four myoglobins, it may  well consist  of 
four 'myoglobin' un i t s  from the strt~ctural points of 
view. If these sub-units were not all parallel this might 
produce a dispersion of the axial directions of the 
a-helices. 

Secondly, since c~-helices of the same sense may well 
pack better when at  an angle of 20 ° away from parallel 
(Crick, 1952b) the s-helices within the sub-units (if 
they  exist) may  no t  be strictly parallel to each other. 

Before attacking the problem of  the haemoglobin 
structure in detail, therefore, one would like to know 
if one can glean anything from the general distribution 
of intensities, so tha t  time is not spent in pursuing 
quite impossible models. 

T h e  r a d i a l  i n t e n s i t y  d i s t r i b u t i o n  

I t  is the 10 J~ reflexions which produce the appearance 
of rods seen end-on in the a projection of haemoglobin 
(Bragg, Howells & Perutz, 1952). An inspection of the 
complete diffraction pat tern  shows tha t  there are re- 
flexions of about this spacing and of comparable 

strength in other directions, and suggests tha t  one 
should consider the average strength of all t h e  10 _~ 
reflexions. 

The curve of average intensity plotted against the 
reciprocal spacing is shown in Fig. 1. This has been 
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Fig. 1. The observed distribution of intensities for haemoglobin, 
from data of Perutz (broken line--estimated only). 

obtained from Perutz 's  three-dimensional intensities, 
and is the same  as his Fig. 24 (Perutz, 1949) but  re- 
calculated at  closer intervals.  I t  has been put  on an 
absolute scale using data  of Perutz. 

I t  is at once apparent  tha t  the distribution of in- 
tensities does not  correspond to a ' random' distribu- 
tion of atoms, and in fact the whole idea of a ' random' 
distribution is useless for these large molecules. The 
peakiness of Fig. 1 clearly indicates tha t  there is sub- 
structure of some sort within the haemoglobin mole- 
cule. 

The simplest way to tackle the problem might appear 
to be a quanti tat ive examination of the radial distribu- 
tion curve obtainable from Fig. 1. This is the method 
of Riley & Arndt.  I t  cannot easily be used here, since 
the recorded intensities do not extend far enough. 
This  produces diffraction effects and also makes it 
impossible to obtain an accurate est imate of the 
temperature factor. Thus it is difficult to use the 
reflexions in the 4-5 A region without getting out of 
the calculation what one put  in. I t  is therefore neces- 
sary to concentrate on the 10 J~ region, and the ques- 
tion one wishes to answer is 'Is there enough intensity 
in  the 10 A region to be compatible with models made 
up mainly of d-helices ?'. 

I t  is clear tha t  one cannot merely consider the peak 
height of Fig. 1, since this will par t ly  depend on how 
the a-helices are arranged. What  one requires is a 
weighted sum of the 10/~ region which one can easily 
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relate to a known aspect of the physical model. 
Fortunately it is possible to obtain this. 

The mathemat ica l  method 

If ~ is the electron density, and V the volume of the 
unit cell, and assuming orthogonal axes for simplicity, 

1 Z ~'hk~ exp [ 2 g i ( h x / a  + k y / b  + l z / c ) ] ,  q = V~l 
whence 

~ 1 
- -  = - -  .~, ( 2 ~ i h [ a ) F h k  ~ [exp 2 ~ i ( h x / a  + k y / b  + lz /c)  ] , 
~x V hl, z 

and therefore, by a well known theorem, 

. = ~ * 4r t~(h~/a~) lFhkz l~ .  
hkl  

Repeating for y and z, we obtain 

I " L\~]  + k~fl + \~/ jdV = ~ ~ R~IFhkzl ~ , 

where 
R ~ = h ~ / a ~ + k ~ / b ~ + 1 2 / c  ~ as usual; 

I 4xe9 " 
i.e. [grad q ]~d V = "-W- .~' R~[Fh*z] ~ " (1) 

r hkl  

In words, we can obtain the average value of the 
square of the slope of the electron density by taking 
the sum of all  the intensities weighted by the square 
of the reciprocal spacing. To make the sum converge 
we may have tO add an artificial temperature factor 
as a smoothing factor. If we choose this factor so that  
it smooths out all the details of the atoms and leaves 
us with only the broad picture of the rods of electron 
density due to the backbone of the a-helices, we shall 
get a measure of the amount of up-and-down variation 
in density at this low resolution by carrying out this 
summation. Notice three points: 

(a) P0~0o has weight zero, so that  one is not swamped 
by a large unhelpful term in this method. 

(b) One requires only the intensities; it is not 
necessary to know the phases of the reflexions. 

(c) Nevertheless the effects are additive. That is, if 
one has a structure consisting of two a-helices, one 
can perform the integral over the electron density of 

each separately and then add the results together, 
provided that  their (smoothed) electron densities do 
not overlap. Their relative distance and orientation 
makes no difference to the integral. 

The smoothing function must be chosen so that  the 
sum on the right of equation (1) converges. I t  must 
be such that  a substantial portion of the sum comes 
from the 10 A region, but it must not spread the elec- 
tron density so much that  overlapping between adja- 
cent helices becomes important. 

If one smooths by multiplying the intensities by 

exp (-},R ~) 

one is in effect using 

R 2 exp ( - T R  ~) 

as a weighting function. The value of}, chosen, which 
was a compromise, was 7 = 8 1  A 2. The form of 
},R ~ exp ( - ? R  ~) is shown in :Fig. 2. I t  has a maximum 
at a spacing of 9/~. 

0.1 0.2 0-3 
R (£-~) 

Fig. 2. Plot of FR ~- exp (--TR 9) for 7 = 81/~2. 

The method therefore consists of taking some con- 
venient theoretical model for the a-helix, such as one 
in which all the chains are parallel, and obtaining the 
right-hand side of equation (1) from the ca/cu/ated 
intensities. The same sum is carried out using the 
observed intensities from the protein crystal, and the 
two figures are then compared. 

The theoretical model  

This basic model consists of an infinite array of 
infinite parallel a-helices arranged in a hexagonal 
lattice, a = 10.4 A. The fl carbon atom is put in the 
Cfl~ position (Pauling & Corey, 1951a). The remaining 
side-chains are put in uniformly outside a circle radius 
4/~ with sufficient electron density to make the overall 
average density 0.43 e.A -a. The calculation was car- 
ried out for point atoms, smoothed so that  

<I> = <I0> exp (-25R2).  (2) 

From this model the values of IFh~l ~ were cal- 
culated. The summation carried out was 

4xe 2 
27 R2lFh~zI ~ exp ( -81R  ~) . (3) 

V ~k~ 

The result was 

0.8 e.2/~ -5 per residue of a-helix. 

The experimental  data 

The sum given in (3) was evaluated for haemoglobin 
from :Fig. 1. The result, for the end-centred cell was 

840 e?A -5. 
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As this cell contains two molecules, the result can be 
expressed as 

420 e.2_~ -5 per molecule. 

If we divide this by the theoretical value which we 
have obtained per residue, namely 0.8, we get 525 as 
the 'effective' number of residues per molecule. The 
actual number in haemoglobin is about 580 (Tristram, 
1949). In  other words, the calculated and observed 
values agree to within 10%. 

The agreement is good and in fact it is probably 
accidental since the method cannot be expected to be 
so accurate. 

P o s s i b l e  errors  

The effect of salt can certainly be neglected since it 
affects only reflexions which make a very small con- 
tribution to (3). If we had chosen position Cfll instead 
of Cfl~ this could have made only about 5 % difference. 
A value of 17.5 instead of 25 in equation (2) increases 
the value of (2) by about 15%. The effects of over- 
lapping are difficult to estimate, since it is not easy to 
clioose an alternative model. An estimate using data  
from polymethylglutamate,  which has a = 12.0/~ in- 
stead of 10.4/~, suggests tha t  the sum (3) has decreased 
about 10%, but  part  of this may be due to other 
differences between the two models. 

A detailed examination of the data suggests tha t  the 
theoretical model does not give enough intensi ty in 
the 5 A region, owing to the side-chains having been 
slurred unduly. This might produce errors of, say, 
20%, but  without some idea of how side-chains pack 
it is difficult to improve the model. 

No allowance has been made for the fact tha t  the 
actual a-helices (if they exist) must be of finite length, 
and therefore, tha t  part  of the polypeptide chain must 
be used to join adjacent a-helices. I t  is not even easy 
to be certain whether this effect will increase or 
decrease the observed sum. 

D i s c u s s i o n  

Having made all these allowances for the comparative 
crudeness of the method, the results of the calculation 
are nevertheless satisfactory in tha t  they show tha t  it 
is not impossible for haemoglobin to consist mainly of 
a-helices. Any ,argument designed to disprove this 

from the 10/~ reflexions will have to be more precise 
and sophisticated than  the simple method used here. 

On the other hand, the calculation should not be 
taken to prove that  the haemoglobin structure is 
largely a-helices. I t  merely shows tha t  the 10/~ inten- 
sities are not incompatible with such a view, and 
encourages one to a t tempt  to solve the structure along 
these lines. 

Our method, as explained above, consists in taking 
a weighted sum of the 10 A region. I t  can be seen 
from Fig. 2 tha t  the weighting function used is fairly 
broad, and covers a wide range of spacings. The fact 
tha t  the peak in Fig. 1 is sharp and occurs at about 
9 /~ spacing gives additional information which has 
not been made use of here. I t  suggests tha t  the a- 
helices in haemoglobin (if they  exist) are usually about 
10 /~  apart  laterally, rather than, say, 15 A. 

I t  would be possible to design a weighting function 
tha t  was sharper than Fig. 2, but  to use it we should 
have to be more precise about our model. The very 
wide range of theoretical models which could give the 
correct value to our summation (3) is both the strength 
of the method--since we do not have to make our 
model precise--and its weakness--since the method 
cannot be used to distinguish between these models. 

I should like to thank Dr M. F. Perutz for allowing 
me to use his three-dimensional haemoglobin data. 
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